Structural properties of the clean Si(001) surface obtained as a result of low-temperature (470-650℃) pregrowth annealings of silicon wafers in a molecular-beam epitaxy chamber have been investigated. To decrease the cleaning temperature, a silicon surface was hydrogenated in the process of a preliminary chemical treatment in HF and NH 4 F aqueous solutions. It has been shown that smooth surfaces composed by wide terraces separated by monoatomic steps can be obtained by dehydrogenation at the temperatures 600℃, whereas clean surfaces obtained at the temperatures < 600℃ are rough. It has been found that there exists a dependence of structural properties of clean surfaces on the temperature of hydrogen thermal desorption and the process of the preliminary chemical treatment. The frequency of detachment of Si dimers from the steps and effect of the Ehrlich-Schwoebel barrier have been found to be dominating factors determining a degree of the resultant surface roughness.
I. INTRODUCTION
One of requirements of silicon VLSI manufacturing is reduction of temperatures of technological processes.
1 In this article, an issue on possibility of reduction of Si(001) wafer cleaning temperature before molecular-beam epitaxy (MBE), directly in the ultra-high vacuum (UHV) deposition chamber, is investigated. Removal of a protection SiO 2 layer, formed in the process of wet chemical etching, with the use of thermal treatments at temperatures of 800℃ is a main method of the pre-growth cleaning of a Si surface before MBE. The RCA method 2, 3 is the most frequently used one, as a result of which a thin film of silicon dioxide (∼ 1 nm thick) is formed. 4 Application of Si(001) surface hydrogenation at the final stage of wet etching may enable the reduction of the surface cleaning temperature down to 500-650℃.
5,6
Studies of properties of hydrogenated Si(001) and Si(111) surfaces have been carried out for a long time. Initially these surfaces were explored using diffraction methods, a method of thermal desorption and surface IR spectroscopy.
3, [6] [7] [8] [9] [10] [11] [12] Results of these researches have enabled the determination of types of hydrides forming on surfaces of differently oriented Si wafers depending on composition of etchants and allowed one to determine the temperature range in which their desorption is possible.
With the development of the scanning tunneling microscopy (STM) techniques, it has become possible to conduct research of structural properties of hydrogenated a) Electronic mail: arapkina@kapella.gpi.ru b) Also at Technopark of GPI RAS, Moscow, 119991, Russia; Electronic mail: vyuryev@kapella.gpi.ru; http://www.gpi.ru/eng/staff s.php?eng=1&id=125
and clean surfaces at a qualitatively new level. [13] [14] [15] In the vast majority of the works, the hydrogenation of the (2×1)-reconstructed Si(001) surface purified of the silicon dioxide film was carried out under UHV using a source of atomic hydrogen. A structure of surfaces obtained in such a way differs significantly from the structure of surfaces forming as a result of wet etching without hydrogenation. Annealing at high temperatures for SiO 2 removal results in formation of surfaces with wide terraces and monoatomic steps and facilitates the desorption of foreign atoms. 16, 17 STM studies have shown that Si(001) surfaces hydrogenated as a result of wet etching are composed by narrow terraces with monoatomic steps.
18-21 Impossibility of desorption of some impurities, e.g., carbon, by a subsequent low-temperature treatment is a disadvantage of the surface cleaning method based on its hydrogenation during wet etching.
Short dipping of a Si wafer in an aqueous solution of the hydrofluoric acid with pH varying from 2 to 7 is the most well-known method of the surface hydrogenation. A number of Si hydrides, the most prevalent of which are silicon monohydride and dihydride, form as a result of reaction of hydrogen with the Si surface.
14,21-23 A fraction of dihydride on the surface rises as pH of the HF solutions increases. 9, 10 In some modes of Si(001) etching, formation of the {111} facets is observed, on which every Si atom located on the (001) plane is bonded to two hydrogen atoms (dihydride) whereas each atom situated on the (111) plane is bonded to a single atom of hydrogen (monohydride). 8, 11 The temperature of thermal desorption of hydrogen atoms depends on a type of the hydride. According to Ref. 6 , a characteristic temperature range of the monohydride thermal desorption is 540-620℃, that of the dihydride is 440-540℃.
In the current article, the data of exploration, by means of STM and reflected high-energy electron diffraction (RHEED), of the structure of Si(001) surfaces obtained as a result of the low-temperature dehydrogenation of silicon substrates after wet chemical etching with surface termination by hydrogen atoms are presented. Results of investigation of surface structure of Si epitaxial layers grown on such surfaces, as well as data of high resolution transmission electron microscopic (HRTEM) studies of Si-epilayer/Si-substrate interfaces, are also set forth.
II. EXPERIMENTAL TECHNIQUES AND SAMPLE PREPARATION PROCEDURES
The investigations were carried out using the Riber EVA32 MBE vessel equipped with the Staib Instruments RH20 RHEED tool and coupled with the GPI-300 UHV STM.
1,24,25 8×8 mm 2 samples were cut from commercial CZ Si:B wafers (the orientation was (100), ρ = 12 Ω cm).
During the preliminary chemical treatment, at final phase of RCA wet etching, the samples were processed in various aqueous solutions on the basis of the hydrofluoric acid. The following etchants were used: (1) 5% HF solution, pH = 2; (2) buffered NH 4 F + HF solution, pH = 4; (3) concentrated NH 4 F solution, pH = 7. The chemical processing was completed by sample rinsing in deionized water for 1 min.
The thermal treatment in UHV was performed in two stages: (i) preliminary annealing lasted 2 hours at 300℃-this process completed the preliminary treatment of samples; (ii) final annealing was carried out at higher temperature in the range from 470 to 650℃. The duration of the second stage of annealing was chosen to form of the RHEED patterns.
The process temperature was monitored by the IS12-Si infrared pyrometer. The pressure in the MBE chamber did not exceed 8 × 10 −10 Torr during annealing. The rate of sample heating from 300℃ to the preset temperature of final annealing was ∼ 0,24 ℃/c; the sample cooling rate was ∼ 0,4 ℃/c.
The STM images were taken in the constant current mode at room temperature.
Si epitaxial films were deposited on the clean Si(001) surface by UHV MBE. Conditions in the MBE chamber during Si deposition were similar to those during Ge/Si(001) MBE described in Refs. 1, 25. The rate of Si deposition was ∼ 0.25Å/c, the sample cooling rate after growth was ∼ 0.4 ℃/c.
The Carl Zeiss Libra-200 FE HR HRTEM was used for investigation of structural properties of Si epitaxial layers and their interfaces with Si substrates.
Additional experimental details and description of the experimental instruments can be found in Ref. 1.
III. EXPLORATION BY STM AND RHEED

A. Hydrogenated Si(001)
A study of silicon surfaces terminated by hydrogen (Si:H) carried out by means of STM and RHEED has shown that their structure depends on a kind of the preliminary chemical treatment used for hydrogenation. If solutions containing NH 4 F are used Si:H surfaces are more rough in comparison with those prepared in solutions of dilute HF; the higher the concentration of ammonium fluoride, the rougher the surface form. Surface roughening is a consequence of formation of surface islands composed by terraces and monoatomic steps. Height and area of the islands are determined by conditions of the preliminary chemical treatment. Difference in surface roughness may be qualitatively estimated from the RHEED patterns. Irrespective of a kind of the solution used for surface termination, RHEED patterns always correspond to the unreconstructed 1 × 1 surface ( Fig. 1) .
Diffraction patterns of the samples prepared in solutions with pH = 2 consist of broad streaks of main reflexes (Fig. 1a) , whereas beams of main reflexes have shapes corresponding to well developed roughness on the monoatomic scale (3D reflexes) for the samples processed in solutions with pH = 7 (Fig. 1b) .
Effect of NH 4 F concentration on the roughness of resultant surfaces consists in selective etching of surfaces and appearance of {111} facets during sample treatment in solutions containing ammonium fluoride. However, it is demonstrated in the literature that formation of such facets is suppressed if intense release of hydrogen bubbles is eliminated.
26 STM study of the Si:H surfaces has shown a slight increase in height spread of adjacent steps on the surfaces with the growth of etchant pH-it was within the height of two monoatomic steps. We have failed to recognize a type of the Si:H surface reconstruction: it is difficult to be determined because the hydrides may fill the surface irregularly. Another circumstance complicating the recognition of a type of the Si:H surface reconstruction is that hydrogen atoms, situated close to one another but bonded to different silicon atoms, "deviate" from an "ideal" position asymmetrically and nonuniformly around the surface. This results in difference of the local density of states (LDOS) in the vicinity of a Si atom from LDOS in the vicinity of another Si atom, therefore atomic resolution cannot be reached in the STM images of such surfaces.
22,23
B. Effect of surface dehydrogenation
Exploration of the Si(001) surface cleaned of hydrogen atoms by thermal desorption allow one to mark out two characteristic ranges of the treatment temperaturebelow and above 600℃-in which physical processes result in formation of different surface structures. 
Annealing at T 600℃
If the cleaning temperatures are higher than 600℃, enhancement of NH 4 F content in solutions during the preliminary etching causes an increase of the resultant surface roughness; with the growth of the NH 4 F concentration longer annealing is required for obtaining of a smoother surface. Smooth surfaces with wide terraces and monoatomic steps form as a result of processing in solutions with pH = 2 followed by annealing at the temperatures above 600℃ or as a result of etching in solutions with pH > 2 and annealing at the temperatures 650℃. Fig. 2 shows STM images of the clean Si(001) surface subjected to difference chemical treatments and annealed at 650℃.
The c(4 × 4) structure arise on the surface due to annealing at 650℃. Previously this structure was identified by us as 2 × 2, 27 however further survey have shown this structure to be nothing else but β-modification of the c(4 × 4) reconstruction. 28, 29 One can find a detailed description of the c(4 × 4) structure in Ref. 1 .
Reflexes corresponding to the c(4 × 4) surface structure are much weaker in the RHEED patterns of the samples processed in the solutions with pH = 7 than in the diffraction patterns of the samples treated in the solutions with pH = 2. STM images show that c(4 × 4) reconstructed surfaces are always composed by wide terraces and monoatomic steps. A relation between processes of the c(4 × 4) structure formation and obtaining of smooth surfaces is difficult to be ascertained because it is hard to establish if there is a contribution of carbon to these processes: according to existing notions, it can take part in formation of the c(4 × 4) structure. 30, 31 It is obvious however that Si atoms can freely migrate along the surface and the c(4 × 4) structure form on the 2 × 1 reconstructed surface. Evidence of this has been found in data on evolution of the diffraction patterns during heat treatments: the c(4 × 4) structure appear during sample exposure at the temperatures 610-650℃ but it does not arise in course of rapid heating of samples in the interval from 300 to 800℃.
Differences in the structure of formed clean surfaces are also observed in the samples dehydrogenized by annealing at 610℃ (Fig. 3) . The c(4 × 4) structure is observed on the samples treated in the solutions with pH = 2 and annealed for 10 min. Further prolongation of annealing may cause occurrence of SiC islands on the surface (although we have never met SiC on our samples, this circumstance should be taken into account). When hydrogenized in the solutions with pH = 7, the clean surface becomes rougher, it is composed by islands formed by short narrow terraces and monoatomic steps. Diffraction patterns correspond to the 2 × 1 reconstruction; they are characterized by weaker 3D reflexes on the main beams than those shown in Fig. 1b . 
Annealing at T < 600℃
Annealings at the temperatures below 600℃ result in formation of clean surfaces with the roughness on monoatomic scale for any type of the preliminary chemical treatment. However the structures of the resultant surfaces are different for different chemical treatments. Hydrogenation in solutions with greater pH results in formation of rougher surfaces. STM images of samples annealed at the temperatures below 600℃ after different chemical treatments are presented in Fig. 4 .
The minimum temperature at which surface cleaning takes place is 470℃ (annealing duration is 35 min) for the samples treated in the solutions with pH = 2 and 550℃ (annealing duration is also 35 min) for the samples processed in the solutions with pH = 7. Diffraction patterns correspond to the 2 × 1 structure for the former process; for the latter processing they resemble the 1 × 1 patterns of the original surface terminated by hydrogen atoms but with narrower stripes and less pronounced 3D reflexes on the main beams (the ½ reflexes are always weak when the processing temperature is less than 600℃ but in the case of etching at pH = 7 they are usually invisible to the eye and can be registered only by a camera with long exposure).
Dynamics of RHEED patterns during sample heating
A study of evolution of the diffraction patterns during sample heating from 300 to 800℃ has shown that original patterns correspond to the 1 × 1 structure, i. e., they are composed only by the main beams. 3D reflexes are observed on the main beams; the brightness of the 3D reflexes depends on the preliminary chemical treatment. The most intense 3D reflexes are observed after the treatment in the solutions containing NH 4 F. A temperature at which the ½ beams (which correspond to 2 × 1 or c(4 × 4) structure) arise in the [110] azimuth in electron diffraction patterns depends on the initial chemical treatment.
If the samples are etched in dilute HF the ½ reflexes ap-pear in the range from 420 to 470℃; they arise in the range from 560 to 660℃ or do not appear at all if the samples are hydrogenized in the solutions with pH = 4 or 7. The cause of the difference in the temperatures at which the ½ reflexes appear lies in the strong dependence of the original Si:H surface roughness on the composition of the solutions used for the surface termination.
It can be concluded that RHEED can be applied as a method for monitoring of hydrogen thermal desorption from the Si:H surfaces only in the case if solution are used for the Si(001) surface hydrogenation the treatment in which results in formation of the Si:H surfaces with low roughness. Strong roughness of a clean surface interferes with formation of sufficient 2 × 1 reconstructed areas and application of RHEED for monitoring of hydrogen desorption becomes impossible.
Brief discussion of annealing temperature effect on surface structure
It is evident from the above that a degree of roughness of clean Si(001) surfaces with monoatomic steps depends on the temperature of hydrogen thermal desorption. Thermal treatments at a temperature above 600℃ enable obtaining of surfaces with wide terraces and monoatomic steps. Heat treatments at a temperature below 600℃ do not result in formation of smooth surfaces, the surface roughness decreases insignificantly during annealing. This effect is likely caused by the change in conditions of surface migration of Si atoms. At the temperatures higher than 600℃ islands composed by monoatomic steps and terraces-emerged as a result of chemical treatments-"dissolve" with emission of Si ad-atoms which cannot desorb from the surface, migrate, build in steps or embed in the surface being captured by its defects. Thus initially rough surface smoothes.
At the temperatures lower than 600℃ a surface also slightly smoothes but wide terraces do not arise. According to Refs. 6, 10, 11, and 32 hydrogen thermal desorption should not affect the smoothing process as the temperature interval, at which annealings were carried out in this work, and the sample heating rate should ensure complete removal of hydrogen atoms from the surface in the time much less than duration of the annealings applied. The described effect may result from slowdown of Si migration on the surface with the temperature lowering to ∼ 600℃. In addition to reduction of ad-atom mobility (hop frequency), the relief formation starts to be affected by decreasing rate of detachment of Si dimers from surface steps. 33, 34 Additionally, an influence of the Ehrlich-Schwoebel barrier 35,36 -a potential barrier on terrace edges-becomes stronger due to adatom (ad-dimer) kinetic energy reduction; as a result, most of Si atoms detaching from the upper step cannot leave the terrace to move to the next lower one; as a consequence an effective smoothing of the surface relief and formation of wide terraces do not happen.
Usually, Si epitaxial layers with wide terraces and monoatomic steps on the surface are obtained by MBE on Si(001) if deposited in the temperature range from 500 to 600℃.
37,38 Fig. 5 presents STM images of surfaces of Si epitaxial layers grown at different deposition temperatures on the Si(001) surface cleaned of hydrogen atoms. The obtained surfaces are seen to be composed by terrases separated by monoatomic steps. By lowering the growth temperature decrease in the width of the terraces is observed but their structure is different from that of the dehydrogenized surfaces. This allows us to assume that effect of mobility reduction of migrating Si atoms on smoothing of dehydrogenized surfaces in this temperature interval is not as significant as an impact of two other factors (reduction of detachment rate of Si dimers from steps and Ehrlich-Schwoebel potential barrier) as a result of which appreciable smoothing of the dehydrogenized rough Si(001) surfaces does not happen during annealing at the temperatures below 600℃ in the absence of an external source of Si atoms.
Change of surface structural properties at the temperatures of ∼ 600℃ was reported by us previously in the articles on the study of the clean Si(001) surface obtained after removal of the protection SiO 2 film by short high-temperature annealings:
24,27,39 during sample cooling from the annealing temperature of ∼ 925℃ a reversible phase transition occurs in the range of 550-600℃ which is manifested in change of the surface reconstruction 2 × 1 ←→ c(8 × 8). This transition was explained by slowdown of Si ad-dimer migration on the surface with the decrease in the sample temperature. Changes in the surface structural properties in this temperature interval were also observed in the study of Ge quantum dot nucleation on the Ge/Si(001) wetting layer and hut-cluster array formation.
1, 25, 40, 41 The temperature of ∼ 600℃ is a frontier between modes of preferential growth of huts and domes on the Ge/Si(001) wetting layer that is likely connected with changes of Ge ad-dimer migration process on the wetting layer surface at this temperature.
C. TEM study of epi-Si/Si-substrate interfaces A study of Si substrates subjected to the described above treatments with Si epitaxial films grown on their surfaces (Fig. 5) performed by means of high resolution TEM allowed us to evaluate the quality of interfaces between them. We have succeeded to visualize the interfaces between epilayers grown at different temperatures and surfaces exposed to different chemical treatments and various annealings and found interfaces formed on surfaces chemically treated at pH = 2 to be perfect. Fig. 6 demonstrates HRTEM images of a 50 nm thick epilayer grown at 610℃ on the surface hydrogenized in the solution with pH = 2 and exposed to annealing at 610℃ for 10 minutes for the hydrogen removal (see Fig. 3a ). An interface region is indicated by arrows and marked by the figure 1. It is visualized as a dark or light line depending on the imaging conditions. Fig. 6b and especially (c), which is magnified from (b), demonstrate a perfect atomic structure of the near-interface region and absence of extended structural defects. The observed contrast supposedly results from stress arising around the interface because of the presence of residual hydrogen or probably minor amount of carbon (some carbon may come on the surface from chemical reagents or MBE vessel atmosphere-CO is the main after hydrogen residual gas in this chamber, a minor amount of hydrocarbons is also present in the chamber-or even from the Czochralsky grown substrate volume); a slight excess of vacancies also might explain the contrast. However, a good epitaxial interface is formed as a result of this process.
A lower temperature of growth and dehydrogenation does not result in significant worsening of the interface. Fig. 7 shows a film deposited at 550℃ on the surface treated at 550℃ for 30 minutes after hydrogenation in the etchant with pH = 2. The epi-Si/substrate interface in this sample is also epitaxial; its structure is also perfect, it does not contain extended defects. However it looks more pronounced (Fig. 7c) than the interface obtained at the higher temperature, maybe because of rougher initial surface and higher concentration of point defects and such residual impurities as hydrogen or carbon.
We succeeded to lower the temperature of epitaxial growth and surface annealing to 470℃ and obtain a perfect defectless interface. Fig. 7 represents micrographs of an epilayer grown at this temperature on the surface treated at 470℃ for 18 minutes after etching at pH = 2. A perfect interface (Fig. 7b ) and epitaxial layer (Fig. 7c) confirm our assumption that preparation of clean Si(001) surfaces suitable for further growth of perfect epitaxial layers is possible at temperatures as low as 470℃.
1
IV. CONCLUSION
We can conclude now that a method of hydrogenation of a Si(001) surface is applicable for low-temperature cleaning of Si substrates in UHV MBE vessels. Varying a type of the preliminary chemical treatment and a temperature of the dehydrogenation process, clean surfaces with monoatomic roughness but different width of terraces separated by monoatomic steps can be obtained. Low-temperature cleaning of Si(001) surfaces may find numerous applications. In particular, Si surface cleaning by annealing at a temperature lower than 600℃ may be used in processes requiring preservation of a created in advance relief on the Si(001) surface. Perfect Si epitaxial films and epi-Si/Si-substrate interfaces can be formed at the temperatures as low as 470℃ on clean Si(001) surfaces prepared by hydrogenation in HF aqueous solution with pH = 2 followed by low-temperature dehydrogenation at the temperature of 470℃.
